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THE EFFECT OF CHANGES IN THE LEADING-EDGE RADIUS ON THE
AFRODYNAMTC CHARACTERISTICS OF A SYMMETRICAL,
9-PERCENT-THICK ATRFOIL. AT HIGH-

SUBSONIC MACH NUMBERS .

By Milton D. Humphreys and Raymond A. Robinson
SUMMARY

To investigate in more detall the effect of leading-edge radius on
the high-speed serodynamic characteristics of a symmetrical, 9-percent-
thick airfoil, tests were made of the NACA 0009-6k, 0009-54, and
0009-144 girfoils. These airfoils have leading-edge rsdii of 0.893,
0.620, and 0.397 percent of the chord, respectively. The tests were
conducted in the Langley rectanguler high-speed tumnel at Mach numbers
from approximately 0.30 to the choking vaelue (M = 0.89 at « = 0°9)
for angles of attack from 0° to 8°. The Reynolds number range
corresponding to the Mach number range of this investigation was

from 0.7 x 108 o 1.5 x 10°.

This investigation showed that for Mach numbers up to 0.825 the
leading-edge radius of these airfoils does not greatly influence eilther
the sectlon normal-force, drag, and pitching-moment coefficients or the
Mach number of normel-force bresk. At a Mach nunber of 0.850 the drag
of the.NACA 0009-54 airfoil appeared to be 12 to 25 percent lower than
that of the other airfoills for normal-force coefficients in the
range O to 0.3.

INTRODUCTION

An early investigation (reference 1) showed the effect of large
changes of leading-edge radius on the high-speed aerodynamic charac-
teristics of 9-percent-thick airfoils. (The changes in the leading-
edge radius were accompanied by corresponding systematic changes in
the airfoil ordinates from the leading edge back to the position of
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meximum thickness (reference 1).)} From these tests it was concluded
that the optimum value of leading-edge radius was between 0.220
and 0.893 percent of the chord.

The purpose of the present investigation was to determine the
effects of chenges of leading-edge radius within this range on the
high-speed aerodynamic characteristics of symmetrical g-percent-thick
airfoils having their maximum thickness located at the 40-percent-
chord station. To obtain this information, the NACA 0009-6k, 0009-5k,
and 0009-44 airfolls were tested in the Langley rectangular high-speed
tunnel. Normal-force, drag, and pltching-moment coefficients were
determined from static-pressure measurements along the airfoll surfaces
end total-pressure messurements in the model wakes. Pressure measure-
ments were made at Mach numbers from spproximately 0.30 to the choking
value (M = 0.89 at o = 0°) for the tunnel, for angles of attack
from 0° to 8°, Schlieren photograephs were also taken.

The results.of a concurrent investigetion of leading-edge-radius
effects (reference 2) are summarized end compared with the present
regults in the discussion.

SYMBOLS
cq section drag coefficient
cmc/h section pitching-moment coefficient of normal force sbout
quarter-chord location
Cp section normal-force coefficilent
M streem Mach number
M. critical Mach nunber )
P stream static pressure
Py local static pressure
q gtream dynemic pressure
P pressure coefficient (2&75_2)
Pcr critical pressure coefficient corresponding to local

Mach number = 1.0

Q angle of attack
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APPARATUS, MODELS, AND TESTS

The 4-inch-chord eirfoils were tested in the Langley rectangular
bhigh-speed tunnel (reference 3), which has a 4~ by 18-inch test
section. The models spanned the h-inch dimension of the test section.

The airfoils investigated are designated sccording to the system
used in reference 1 as:

NACA 0009-6k4
NACA 0009-54
NACA 0009-kL
The lesding-edge-radius index is given by the first digit after
the dash. The corresponding radii In percent of chord for the

9-percent-thick models are as follows:

Leading-edge radius

Index (percent chord)
6 ‘ 0.893
5 .620
L <397

The other digits in order I1ndicate the camber, zero; position of
maximum camber, zero; thickness, 9 percent; and location of maximum
thickness, 40 percent of the chord.

Changing the leadling-edge radius resulted in systematic changes
in the ailrfoil profiles to the HO-percent-chord station. Figure 1
shows the ordinates to an enlarged scale and figure 2 shows the ordinates
and orifice locations to actual scsle. The ordinates are tebulated in
teble I.

The tests consisted of msking static-pressure meassurements along
the airfoll surfaces and total-pressure messurements in the wakes.
These meassurements were made at Mach numbers from approximstely 0.30
to the choking value for the tunnel (M = 0.89 ' at « = 00), for angles
of attack from 0° to 8°. Reynolds numbers, corresponding to these

speeds, varled from approximately 0.7 x 10® to 1.5 x 106. To supple-
ment the tests, schlleren photographs were tsken at Mach numbers
comparable to those dbtained in the pressure-distribution tests, for
angles ¢of attack from 0° to 6°.
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CORRECTIONS AND PRECISION

The data, except for the pressure coefficients, have been corrected
for constriction effects. These corrections, which were computed by the
method of reference 4, were applied to the normal-force coefficlents,
drag coefficients, pitching-moment coefficients, and Mach number.
Although the Mach nunbers of the pressure digtributions presented have
been corrected, the pregsure coefflclents themselves have not been
corrected, primarily because they are presented for illustrative and
comparstive purposes only.

Since there is no method of correcting for the flow distortions at
and near choking, the dats from 0.03 below choking to the choking Msch
number are either shown as dashed lines on the figures, or not shown
at all.

The accurecy of the initial alinement of the model with the air
stream is of the order of 0.2° at the 02 angle-of-attack setting. All
incremental angle-of-gattack settings measured from the initial zero
setting were accurate to #0.05° of the angles indicated. The test
points at 2° angle of attack in figure 3(a) indicate the precision of
the data. '

RESULTS

The varlation of the sectlion normal-force coefficients with Mach
number for each of the three airfolls is given in figure 3. Figure L
presents a direct comparison between the normal-force coefficients
obtained at constent angles of attack from 0° to 8° over the Mach number
range for the airfoils. Figure 5 shows the variation of normsl-force
coefficient wilth angle of attack and the varlation of moment coefficient
with normal-force coefficient for each alrfoll at several Mach numbers.
Figure 6 presents a comparison of the normsl-force curves for the three
airfoils at high Mach numbers. The drag coefficients for 0°, 2°, 40,
and 6° angles of asttack (fig. 7) were cobtained from wake-survey
measurements. At 8° the drag coefficients were determined from the
airfoll pressure distributlions. To take into account the vigcous drag
effects for the 8° condition, 0.006 has beern added to the pressure-drag-
coefficient measurements. The drag polers for the airfoils (fig. 8)
are cross plots of flgures 3 and 7. Figure 9 is a direct comparison of
the drag polars for the three airfoils at high Mach numbers. The
varigtion of moment coefficlent with Mach number is presented in
figure 10. Figures 11 and 12 show the pressure distributions for
these sectlions. To illustrete the flow, several schlieren photographs
are alsc given (fig. 13). Figure 1k presents a comparison of the results
with data obtained in other tunnels.
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DISCUSSION

Normal-force coefficients.- The Mach number for normal-force
bregk is defined ag the Mach number at which the rate of change of
normel force with Mach number is zero or slightly negative for constant
angle of attack. TFigures 3 and 4, especially 4, indicate thet chenging
the leading-edge radius from 0.397 to 0.893 percent chord on the
9-percent-thick airfoils investigated produced only small differences
in the Mzch punmber for normasl-force breask for all the airfoils investi-
gated. TFor example, at 2° angle of attack (fig. 4), although changes
in leading-edge radius had en apprecisble effect on the criticel Mach
number, the effect on the Mach number of normal-force bresk was

. negligibly small.

In general, the normal-force-curve slopes for all the airfoils at
constant normal-force coefficients below 0.30 increase with Mach number
up to near 0.825, with the NACA 0009-64 airfoil having the highest
slope and the NACA 0009-4L airfoil having the lowest slope at this
Mach number (figs. 5 and 6). At a Mach number of 0.85, the leading-
edge radius of 0.620 percent chord of the NACA 0009-54 airfoil produced
a higher normal-force-curve slope for normal-force coefficients from O
to 0.3 then did the larger.or smeller leading-edge radius of the other
two airfoils.

Drag coefficients.- As with the normal-force characteristics, the
drag characterlastics do not differ greatly for the three airfoils up
to & Mach number of 0.825 (figs. 7 and 8). At a Mach number of 0.850
& comparison of the drag polars for the airfoils (fig. 9) indicates
that the NACA 0009-54 airfoll has drag coefficients 12 to 25 percent
lower than for the other two slrfoile gt normal-force coefficients
from 0 to 0.3. A part of this apparent improvement in the drag charac-
teristics shown for the NACA 0009-5k airfoil is attributed to the
higher lift-curve slope for the airfoll at this Mach number (fig. 6).

Moment coefficients about the quarter chord.- The change in moment
coefficient with Mach number for constant normal-force coefficients up
to 0.30 (fig. 5) is smallest. for the NACA 0009-hh airfoil, while the
moment coefficient for the NACA 0009-64 airfoil showed the widest
variation with Mach number of the three airfolls tested. For & constant
angle of ettack of 20,'figure 10 showed the NACA 0009-Ll eirfoil to have
the smallest and the NACA 0009-64% airfoll the largest varistion of moment
coefficient with Mach number. The wider veristion in moment coefficient
with increases in Mach number from 0.80 to 0.85 for the NACA 0009-64 air-
foil was caused by a larger reduction in load over the forward portion,
and a more rearward movement of the loading on this sairfoil than for the
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other sirfoils for normal-force coefficients up to 0.3 (fig. 12(b)).
At normal-force coefficients greater than 0.30 the varlation of moment
coefficient with Mach number for constant normel-force coefficlents
did not differ greatly for the three airfolls (fig. 5).

Pressure-distribution dlagrems.- Experimentsl pressure distribu-
tione obtained at low Mach numbers on the airfoils at 0° angle of
attack were extrapolsted to zero Mach number using the Prandtl-Glauert
relation. (The experimentel pressure distributions at 0° used in the
extrapolation are the average values for the upper and lower surfaces.)
The theoretical pressure distributions were obtained by the methods of
references 5 and 6 as outlined in reference T. A comparison of the
extrapolated pressure distributions at zero Mach number with the
theoretical distributions for incompressible flow shows excellent
agreement (fig. 11). Figure 11 shows the effect of changing the
leading-edge radius on the pressure distributions for these airfoils
at low speeds. The effect 1ls particulerly marked over the forward
half of the airfoil and shows up in the maximum induced velocity
attained and in the accelerations near the leading edge. A reductiom
in the_leading-edge radius decregped the accelerationg over the leading
edge and decreagsed the maximum induced velocity that occurred od the
Eirfoil. This is illustrated by & comparison of the pressufé“distribu-
tions for the NACA 0009-64 and NACA 0009-4k airfoils.

From considerations of velocity correction factors, such as the
Prandtl-Glauert relation, these differences might be expected to
increase with increasing Mach number; consequently, their high-speed
section characteristics at low angles of attack might be expected to
differ appreciaebly. The test results, however, have shown that the
differences in forces and moments are small at Mach numbers less
than 0.80. The reason that the measured differences in serodynamic
characteristics were small ls shown by the experimental pressure distri-
butions (fig. 12). For o =0° and M = 0.30 (fig. 12(a}) the pressure
digtributions differ as predicted by theory. With lncreasing Mach
number, instead of obtalning the differences between the pressure
distributions predicted by the correction theory, the pressures at
the 40-percent-chord station decressed more rapidly then those close
tc the nose, so that at Mach numbers between 0.80 and 0.84 the minimum
pressure for each alrfoll st 0° angle of attack occurs near the
ho-percent-chord station.

For all angles of attack the pressure distributions shown 1in
figure 12 indicate that the smsall differences In the low-speed pressure
distributions were (in general) diminighed, rather than magnified, as
the Mach number was increased up to & Mach number of 0.80. Therefore
the aerodynamic characteristics of these alrfoils were not greatly
influenced by the changes in leading-edge radius Investigated over
this Mach number range.
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Schlieren photographs.- The schlieren photographs (fig. 13) indicate
the general similarity of the supercriticel flow cheracteristics about
the three alrfoils. The flow having exceeded the local velocity of
sound exhibits shock waves, indicated by the light vertical lines in
the pictures. The wesk disturbances (fig. 13(a)) at subcritical speeds
(M = 0.76) should not be confused with true shock waves. They are wesk
flow disturbances which have been previously observed at subcritical
Mach numbers (reference 8) and are picked up by the highly sensitive
schlieren gystem used 1n thils investigation. Separation effects and
flow turbulence are indicated by the dark horizontal lines and eddies
appearing in schlieren photographs. In figure 13(a) for the NACA 0009-5k
airfoil the light beam appears to be slightly misallned and shows reflec-
tions over the rear upper surface resembling a thick boundary lsyer. The
reflections should be discounted in comparing the three airfoills in
figure 13(s).

Comparison of the results with data obtailned in other tunnels.-

The results of a concurrent investigation of the effects of leadlng-edge
radius have recently been published in reference 2. Of the eirfoils
reported, the NACA 0010-1.10 40/1.575, 0010-0.70 40/1.575, and the
0010-0.27 40/1.575 airfoils correspond to the NACA 0010-64, 0010-5k,

and 0010-34 airfoils (ueing the customsry WACA airfoil designations of
references 1 end 7). These airfoils can be compared with the similar
9-percent-thick airfoils in the present peper. The remsining airfoils
of reference 2 are not directly compareble to those reported hereln
because of differences In their design parameters affecting the airfoil
surface curveture and consequently the pressure distributions. (Compare
with reference 1.)

The data for the NACA 0010-6L4 snd 0010-5hk asirfoils in reference 2
are in sgreement with data of the corresponding 9-percent-thick eirfoils
of the present paper in indicating no apprecisgble effect of leading-edge
radius on the normal-force-curve slope at Mach numbers below 0.775. In
thies lower Mach number range, references 1 and 2 both showed that the
NACA 0010-3k airfoil had the highest normsl-force-curve slope. (See
fig. 14(b).) At the higher Mach numbers, the results of the present
Investigation as well as references 1 and 2 show that a large decrease
In leading-edge radius produces an appreclable decrease in the normal-
force-curve slope. The effects of & small reduction in leading-edge
radius from the normal lesding-edge radius (NACA 0009-6k sirfoil) are
shown by the results of the present Investigation and reference 2. The
two investigatlions are in large disagreement in that the present investi-
gation shows a emall favorable Increase, whereas reference 2 shows a
very large umfavorable decrease in normal-force-curve slope with a small
decrease in leading-edge redius. A large change in normal-force-curve
slope with small change in leading-edge redius would not have been
expected, although no reason can be found for the diversity of effects
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shown by the two investigations. The accuracy of the profiles in the
present Investigation 1s verified by the close agreement of the experi-
mental asnd theoretical pressure distributions in figure 11.

The drag data of the comparable sirfoils of the present report and
references 1 end 2 were In agreement in indicating that the minimmm
section drag coefficient was not significantly influenced by leading-
edge-radius verilastlions for Mach numbers up to 0.75. At Mach numbers
near 0.85 and normal-force coefficients of O and 0.2, it is significant
that large reductions in the leading-edge radius produced an increase
in the section drag coefficients for the airfoills reported in references 1
end 2 and the present paper. The airfoils having the smallest leading-~
edge radiil produced the highest drag in each cage., Again there is dis-
agreement In the data of the present paper and reference 2 as to the
effect of small reductions in the leading-edge radius on the section
drag coefficients at Mach numbers above 0.825; the present investigation
shows a favorable reduction in drag coefficient, whereas reference 2
shows an increase in drag coefficient with a small decrease in leading-~
edge radius from the normal value.

The general trend of the pitching-moment data of reference 2, shown

d
as &m againgt M in figure 1h(a), is in large disagreement with the

dep
data of the present paper snd with comparavle data from cther tunnels.
(See references 1, 9, and 10, and fig. 14(a).) The aerodynamic center
was, in general, located rearward of the quarter-chord location for the
alrfolls of reference 2 at all Mech numbers. The data of the present
paper, in general agreement with avallable deta from several other
tunnels (references 1, 9, and 10), indicated that the aerodynsmic center
was located ahead of the quarter-chord location at low Mach numbers and
moved farther forward as the Mach number was increased to values
approaching the normal-force break. At higher Mach numbers, there was,
in general, a large rearward shift in the aerodynamic center,

CONCIUSIONS

" Tepts to determine the effect of changes in leading-edge radius
on the high-speed aerodynamic characteristics of a 9-percent-thick
symmetricel airfoll were made in the Langley rectangulsr high-speed
tunnel at Mach numbers from 0.3 to 0.89, and at corresponding Reynolds

numbers from 0.7 X 108 to 1.5 x 106, The results show that within the
range of this Investigation changes in the leading-edge radil of these
airfoils from 0.893 to 0.397 percent chord do not greatly influence
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either the section normel-force, dreg, and pitching-moment coefficients
or the Mach number of normel-force break for Mach numbers up to 0.825.
At a Mach number of 0.85 the dreg of the NACA 0009-54 airfoil, having
a leading-edge radius of 0.620 percent chord, asppeared to be 12

to 25 percent lower than that of the other airfoils for normal-force
coefficients in the range O to 0.3.

Lengley Aeronautical Leboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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TABLE I.- ORDINATES OF AIRFOILS

[éta.tions and ordinates in percent of wing chorcil

RACA 0009-6k NACA 0009-5k NACA 0009-lik
Upper or lower Upper or lower Upper or lower

Station Buggeace ordinate Btation surface ordinste Station Bu?gace ordinate

0 0 0 0 0 0

1.25 1.360 1.25 1.188 1.25 1.020

2.50 1.840 2.50 1..646 2.50 1.452

5.00 2,450 5.00 2.256 5.00 2,062

7.50 2.860 7.50 2.692 7.50 2.519
10.00 3.180 10,00 3.035 . 10.00 2.889
15.00 3.650 15.00 3.553 15.00 3,461
20.00 3.970 20.00 3.923 20.00 3.873
30.00 k. 370 30.00 h, 364 30.00 4.358

4o .00 4.500 lo,00 L.500 Lo.00 4,500
50.00 k.370 50.00 4,370 50 .00 L.370
€0.00 3.987 €0.00 3.987 60.00 3.987
70.00 3.358 70.00 3.358 70.00 3.358
80.00 2.493 80.00 2,493 80.00 2,493
90,00 1.401 90,00 1,401 90,00 1.401
95,00 .TT0 95.00 TT2 95,00 LTT72
100.00 .090 100.00 .090 100.00 .090

L. E. radius: 0.893 L. E. redius: 0.620 L. E. radius: 0.397

A -
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- NACA 0009-64
—— — — — NACA 0009-54

NACA 0009-44

30 40 50 60 70 80 90 100
Percent chord
Figure 1.~ Comparison of airfoll profiles.
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Figure 3.~ Continued.
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Normal-force coefficient, ey
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Figure 5.— Concluded.
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